INTRODUCTION 51
The presence of pharmaceuticals in aquatic environments has been reported in many scientific 52 studies, [1] [2] [3] with antibiotics being amongst the most studied compounds. 3 Antibiotics can enter the 53 aquatic environment in many ways: from the production of pharmaceutical chemicals, excretion of 54 residues after usage, and inappropriate discarding of unused medicines. 2 In addition, antibiotics are 55 used in large quantities in livestock. 4 The increase in levels of antibiotics in soil, surface water, and 56 groundwater poses a serious threat to human health, since compounds such as sulfonamides can persist 57 in the environment and their high mobility means that they can be transferred to water. 3, 5 58
Concentrations of antibiotics exceeding 1 mg L -1 have been detected in treated industrial effluents and 59 in the receiving water bodies. 3 
60
Increasing awareness of the potentially harmful consequences of the presence of antibiotics in the 61 aquatic environment has led to considerable growth in analytical methodologies for their 62 determination in environmental matrices, 6 as well as in treated water.
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Sulfonamide antibiotics are widely used for therapeutic and prophylactic purposes in both human 64 and veterinary medicine, and sometimes as growth promoter additives in animal feed. 12 The detection, 65 in water wells, of sulfonamide antimicrobials approved strictly for use in veterinary medicine provides 66 evidence of groundwater contamination from an animal waste source. 13 The presence of sulfonamide 67 and other antibiotic residues in the aquatic environment can be toxic to the ecosystem and lead to 68 effects in humans.
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The activity and behavior of sulfonamides depends on the types of substituents present on the 70 aromatic rings. 18 The resulting differences enable the use of sulfonamides and their derivatives, alone 71 or in combination with other compounds, in various situations as antibacterial, antitumor, antiviral, 72 and antithyroid agents.
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The literature describes several classical methodologies for the determination of sulfonamides in 74 aqueous matrices, including capillary electrophoresis, 22 high performance liquid chromatography-75 D r a f t reagents, or are time-consuming. 78
Therefore, there is a need for rapid and sensitive methods that comply with the principles of 79 Green Chemistry, 26, 27 to help to ensure that water is safe for human consumption. The great advantage 80 of the development of new green methodologies is the low production of toxic residues and minimal 81 use of reagents. One of the main aims of green analytical chemistry is to minimize production of 82 pollutant compounds, hence protecting humans and the wider environment.
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Multi-pumping flow systems (MPFS) are innovative analytical techniques that enable the use of 84 smaller injection volumes and consequently lower generation of wastes. 29, 30 These systems employ 85 solenoid micropumps that can act as both commutators and propulsion devices to deliver microliter 86 volumes of solutions. Reagent addition in multi-pumping flow systems is inherently intermittent, 87 resulting in the ability to minimize reagent consumption and waste generation. 
88
The use of a liquid waveguide capillary cell (LWCC) in combination with a multi-pumping flow 89 system can provide the low detection limits required for trace analysis, which were previously difficult 90 to achieve with molecular spectrophotometric methods.
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The aim of this work was to develop a simple, rapid, and environmentally friendly analytical 92 method for the determination of sulfonamides in water samples, employing a multi-pumping flow 93 system coupled with a liquid waveguide capillary cell and a spectrophotometric detector. In this study, 94 three sulfonamides (sulfaquinoxaline (SQX), sulfathiazole (STZ), and sulfadimethoxine (SDX)) 95 widely used in veterinary medicine were chosen as representative of the sulfonamide class. The MPFS 96 method employed solenoid pumps to propel defined volumes of reagent and sample solutions to a 97 confluence point, where the reaction between p-dimethylaminocinnamaldehyde (p-DAC) and 98 sulfonamide, in an acidic micellar medium, produced a colored product that could be measured 99 The injections of the reagent and sample solutions were carried out in intercalation mode, followed by 113 measurement of the absorbance. The main operating parameters of the multi-pumping system are 114 given in Table 1 . 115
116
Figure 1 117 118 
Experimental design 148
The significant parameters were evaluated by means of experimental design methodology. 149 , and 164
Cl -
). The study of interferences for cations was performed using nitrate as a common anion, and for 165 anions, the study was performed using sodium as a common cation. In addition, the presence of 166 glyphosate or pharmaceuticals such as bromopride, metoclopramide hydrochloride, aceclofenac, 167 mefenamic acid, and furosemide was also tested. Solutions containing 100 µg L -1 of sulfonamide and 168 each potential interferent at concentrations 1 and 10 times greater than that of the analyte were 169 evaluated under the same conditions. 170 171
Analytical curves 172
Under optimized conditions, sulfonamide standard solutions (10, 15, 25, 40, 55, 70, 85, 100, and 173 130 µg L -1 ) were injected together with the reagent, in triplicate, using the multi-pumping system. 174 analyte was used at a concentration of 500 µg L -1 in aqueous solution, and optimization was carried out 183
by direct infusion at 10 µL min -1 , using an automatic syringe. The analytes were detected by Multiple 
RESULTS AND DISCUSSION 189
In an acidic micellar medium, p-DAC reacts with sulfonamides containing primary aromatic 190 amine groups to produce a colored compound (Schiff base) that can be measured at 565 nm. When the 191 sulfonamide is protonated by HCl in a micellar medium, a reaction occurs between the amino group of 192 the sulfonamide and the carbonyl group of the reagent. The effect of surfactant micelles on the 193 condensation of aldehydes (such as p-DAC) with amines has been the subject of a number of 194 publications.
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In this work, the MPFS system employed solenoid micropumps for insertion and propulsion of 196 the microliter volumes of solutions. By using the multi-pumping flow system, the reagent 197 consumption was low and waste generation was minimized. In addition, two strategies were used to 198 increase the sensitivity of the MPFS method. Use of the micellar medium (SDS) caused a significant 199 increase in the absorbance values. In the absence of SDS, the reaction was very slow. An additional 200 strategy to increase the analytical sensitivity of the spectrophotometric measurements was the use of a 201 liquid waveguide capillary cell (LWCC), which, in combination with the presence of SDS micelles, 202 significantly enhanced the sensitivity. 203 204
Optimization of variables 205
Factorial design 206
The factorial design matrix is presented in Table 3 , considering the different combinations of the 207 factors and levels. For each variable, a lower (-1) and an upper (+1) level were selected, based on the 208 preliminary experiments. This resulted in sixteen experiments being carried out (in triplicate) for 209 analysis of the significance and influence of the variables. In all the experiments, the concentrations of 210 the sulfonamides were kept constant at 100 µg L -1 . 211 D r a f t Table 3  213   214   A 2 7-3 factorial design was carried out and the resulting graph (Fig. 2 ) was used to visualize the 215 estimated effects of the main factors, in terms of their magnitude and importance. In Figure 2 , a 216 statistically significant influence is indicated when the bar for a factor crosses the line corresponding 217 to a significance level of p = 0.05. It can be clearly seen that the reagent/sample pulses was the factor 218 that had the greatest influence, with the best results obtained when this factor was adjusted to a high 219 level (+1). The variables with no significant effects (considering a 5% significance level) were the p-220 DAC, HCl, and SDS concentrations, the pulse number of the carrier solution, the pulse intervals of the 221 sample and reagent solutions, and the pulse interval of the carrier solution. 
Analytical features of the MPFS method 232
The analytical parameters considered were: LOD (limit of detection), LOQ (limit of 233 quantification), precision, accuracy, and linear range. Repeatability was evaluated using intra-and 234 inter-day results for a 100 µg L -1 standard solution, and the results obtained (% RSD) were 1.70 and 235 3.80%, respectively. These repeatability results are acceptable and show that the method can be 236 satisfactorily applied for the analysis of sulfonamides in water samples. 237
D r a f t
Under the optimized experimental conditions, linear analytical curves were constructed using 238 concentrations of the sulfonamides in the range 10-130 µg L -1 . The analytical curves and their 239 parameters are described in Table 4 . 240
241
Table 4 242 243
The LOD and LOQ values were determined according to IUPAC recommendations, 37 using the 244 expressions 3x(s/b) and 10x(s/b), respectively, where s is the standard deviation of measurements of 245 the blanks (n = 10) and b is the slope of the linear range. The calculated LOD and LOQ values were 246 3.1 and 10.1 µg L -1 , respectively. 247 248
Interferences 249
The study of interferences was carried out considering species commonly present in water 250 samples. A difference of >5% in the absorbance signal was assumed to indicate the existence of 251 interference. 38 No interference in the MPFS method was observed for excess levels of the ionic 252 species, glyphosate, and some of the pharmaceuticals tested (see Section 2.5). At room temperature 253 (25 °C), these compounds do not react with p-DAC under the conditions employed in the MPFS 254
method. 255 256
Sample analysis and recovery 257
The efficiency of the MPFS method was evaluated by application of the technique in the 258 determination of sulfonamides in water samples. The results showed that only one unspiked sample 259 presented a positive result for sulfonamides. The quantification results obtained using the MPFS and 260 comparative methods for analysis of unspiked water samples and samples spiked with a mixture of 261 sulfonamides are summarized in Table 5 . 262 D r a f t Table 5  264   265 Recovery analyses were performed in order to evaluate the accuracy of the technique and 266 detect possible interferences from the matrix. Water samples were spiked with different concentrations 267 (25, 55, 100, and 130 µg L -1 ) of the three sulfonamides (individually or in mixtures), and each analysis 268 was carried out in triplicate. In order to confirm the results obtained by the MPFS method, the samples 269 containing the sulfonamides were also analyzed using the LC-MS reference method.
32 Figure 3 shows 270 representative chromatograms obtained for water samples spiked with 55 µg L -1 of sulfaquinoxaline, 271 sulfathiazole, and sulfadimethoxine, respectively. Table 6 
CONCLUSIONS 283
A simple and rapid method was developed for the determination of sulfonamides in water 284 samples, using a multi-pumping flow system coupled to a liquid waveguide capillary cell for increased 285 
